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SUMMARY This is a comparative body surface potential map study of 26 patients with a recent acute anterior myocardial infarction. The mean plus or minus two standard deviations (± 2 SD) for the voltage distribution was established at 5 msec intervals throughout the cardiac cycle in 30 normal subjects at each of 142 recording sites. Instances in which a patient's potential distribution fell outside the normal range were analyzed as to location, duration and intensity against the expected time course of ventricular activation. Only four patients had departures from the normal distribution confined to the Q time zone. Twenty patients had not only Q time zone abnormal-ONE OF THE MOST DIFFICULT PROBLEMS in electrocardiographic diagnosis and localization of myocardial infarction using conventional scalar leads has been the necessity to rely heavily on the early part of the QRS complex, or the time zone of the Q wave. The limitations of such reliance include the following: 1) Q waves considered diagnostic of myocardial infarction, i.e., those greater than 30 msec, may not persist long after infarction, and this diagnostic criterion may be lost unless serial electrocardiograms are readily available.
2) The order of ventricular activation is such that significant portions of the myocardium are not depolarized early in the sequence, and therefore cannot reasonably be expected to be manifest during the early portion of the QRS complex.
3) In scalar leads, while it is often difficult to appreciate and evaluate distortions of shape such as notches or slurs, -3 it is virtually impossible to appreciate distortions of synchrony, that is, subtle temporal distortions occurring in the mid and late portions of one QRS complex relative to ities, but had areas of both positivity and negativity exceeding ± 2 SD, which occurred well after 30 msec. Two patients with clearly documented diagnostic Q waves during the first few days of hospitalization had lost these findings by the date of body surface mapping. They did retain, however, departure map findings demonstrating significant abnormalities occurring between 30 and 60 msec after onset of ventricular activation. These changes occurring in the mid and late time zones of the activation sequence are not detectable by conventional electrocardiography or vectorcardiography, yet present a strikingly apparent finding by this technique of analysis and display.
another, especially if the absolute duration of manifest activation is not prolonged beyond the limits of the normal.
4) The vectorial approach itself is severely limited, since it really simply characterizes the average of the instantaneous electrical events. The pattern produced by the loss of electrically active muscle on one wall, then, as infarction, may easily be mimicked by the addition of muscle on the other wall, as in hypertrophy. Furthermore, significant equal and opposite electrical events may actually cancel each other, and be unappreciated with commonly employed, remote vectorial interpretation.
In an effort to begin to approach this problem, we have been studying experimentally induced closed-chest myocardial infarction in dogs that were allowed to recover from this event. Extensive body surface maps were recorded both before and at specified periods postinfarction. The instantby-instant voltages from each of 142 sites of the postinfarction map may be subtracted from the pre-infarction map creating a difference map ( fig. 1 ).4 The difference concept is explained diagramatically in figure 2. Estimates of the original electrical contribution of the infarcted muscle were taken as the root-mean-square value of potential for the instantaneous difference maps in the dog at 16 msec after onset of ventricular activation as expressed in millivolts. At an earlier stage, from our laboratory, histochemical methods for tissue dehydrogenase staining were adapted to the dog infarction model.' Recently we have evaluated the technique as a part of an infarct sizing procedure. Infarct
Preinfarct
Postinfarct D if ferenc e FIGURE 1. Thisfigure illustrates in an experimentally infarcted dog the difference map technique of demonstrating the size and location of the surface potential expression of the infarcted zone. For this and subsequent maps each intersection denotes a recording site. The plane elevated above the map is at the I mv level. The extremes of the map represent the paravertebral lines, the middle column of the map the midsternal line. The top row of the map is at the level of the cranial end of the manubrium sternii, while the fourth row is at the level of the xiphoid. A stainless steel bead was placed in the ventral interventricular branch of the dog's left coronary artery resulting in an infarction of the anterior septal surface and the immediately adjacent ventricular free walls. The difference map was obtained by subtracting postinfarction voltages recorded at each grid intersect, at each 2 msec throughout ventricular activation, from similarly obtained pre-infarction voltages, and is representative of the lost potential of infarction. size was estimated morphologically by planimetric measurements of histochemically demonstrated zones of infarction in serial ring slices made at 1 cm intervals throughout the ventricular mass. This was converted to a volume estimate (cm3) by fitting a third degree curve to the graph of successive area estimates on the ordinate against layer separation of slices along the abscissa. In six dogs, catheter placed bead occlusions of either the interventricular branch (canine counterpart of the anterior descending branch) or the circumflex branch of the dog's left coronary artery were produced. The branch that was occluded and the ring sections involved, as well as the quadrant of the ring section involved could be predicted by the maps in each animal. The size of the infarction as predicted by the difference maps electrically at 16 msec, that is during early activation, correlated with the histochemically determined morphologic size with an r value of 0.86.
Believing that some sort of extrapolation of the difference concept would be helpful in approaching the human situation, and recognizing the unlikelihood of having a large data bank of baseline normal maps in patients who later sustained a myocardial infarction, we attempted to develop an acceptable human counterpart to the difference map technique in a series of 26 men with acute anterior myocardial infarction. This aim, then, focused on the importance of placing in a visualizable and usable form the increased amount of information offered by the body surface map, with particular attention to departures from a normal range that occurred after the Q time zone of ventricular activation.
Diagnostic criteria of infarction for both the electrocardiogram and vectorcardiogram have emphasized the characteristics of early ventricular activation. Therefore, we examined the hypothesis that there may be findings outside the range of normal, and occurring later than the Q time zone, in patients with documented myocardial infarctions. The hypothesis was not whether such findings are more or less diagnostic than conventional criteria, nor whether they correspond to or contradict the conventional clues. They should be considered at this stage complementary and additive, not superior or opposed.
We believed that difficult to appreciate mid and late departures from the normal sequence of activation might be unmasked, or. at least emphasized, by instantaneous mapping techniques.
Methods
Of one hundred patients admitted to the cardiac care unit with possible myocardial infarction during the course of this
Diagrammatic representation of the technique of obtaining surface potential difference maps from experimental animals. A pre-infarction set of recordings is obtained from multiple points. After experimental infarction, a second such map is obtained from the identical recording sites. The second map, when subtractedfrom thefirst map, yields a difference map representative of the potential distribution previously contributed by the nowinfarcted zone. study, 26 are the subject of this report. Twenty-two were eliminated because the acute infarction was in another zone. The remainder were eliminated because they did not have proven unequivocal infarction; they failed to meet the criteria of an absence of ventricular hypertrophy; they had complications such as severe heart failure or cardiogenic shock; they had pacemaker therapy instituted; or they died before the thirteenth day. The 26 patients were unselected otherwise and included every patient during the course of study meeting the criteria for transmural anterior infarction, as stated below.
Patients were included for study who were admitted to the coronary care unit with chest pain and a presumptive diagnosis of acute myocardial infarction followed by characteristic rises and falls of serum enzymes including serum glutamic oxaloacetic transaminase (SGOT), lactate dehydrogenase (LDH) and hydroxy butyric dehydrogenase (HBD). Further requirements included an absence of X-ray or physical evidence of left ventricular hypertrophy and complications such as cardiogenic shock, as well as convalescence rapid enough to allow on-line body surface mapping 13-28 days postinfarction at a site equipped for cardiopulmonary resuscitation, but remote from the coronary care unit. Normal sinus rhythm was required, and a QRS duration of 100 msec or less in the extremity leads. In addition to a clinical picture highly suggestive of myocardial infarction, and the typical rises and falls of dehydrogenase enzymes, certain diagnostic criteria of anterior infarction were required on the electrocardiogram and the vectorcardiogram. In the case of the electrocardiogram new Q waves, or Q waves exceeding 30 msec in duration were required in two or more adjacent standard precordial leads or in leads I and aVL or a combination thereof. In ten patients there was some evidence of a remote, comparatively minor previous infarction that at least transiently had given diagnostic Q waves in leads II, III and aVF. In each of the ten, the anterior event was the dominant event in terms of clarity of definition, electrocardiographic zones invaded, and enzyme documentation. We were unable at the time of the anterior event to recognize these patients, but in a longitudinal review of their charts, some suspicion of an earlier inferior event was raised. We include this information for completeness, and are otherwise unable to distinguish these patients at this time. All 26 patients not only demonstrated electrocardiographic criteria for anterior infarction, but met the vectorcardiographic criteria recommended by Starr et al. 8 and were considered in the light of the study by Phillips et al. 9 Our intent, then, was to be certain that we had as near a definitive population of patients with anterior infarction as possible upon which to base a study of body surface map and body surface departure map findings which we hypothesized would likely be evident in instants during the sequence of ventricular activation later than the conventionally utilized Q time zone. Recordings were obtained from 140 thoracic sites, plus a site on the head and a site on the left lower extremity. A cylindrical coordinate marking frame was used separating 20 columns at 18°intervals, with 7 equally spaced rows beginning at the cranial extreme of the manubrium sternii and extending to the umbilicus. The data were initially recorded at frequencies between 0.1 and 30 kHz, and ultimately stored at sampling rates of 1,000 bits per second after analog-to-digital conversion. Final processing usually occurred on line by means of a PDP-9 computer programmed to produce isometric projection maps of the surface voltage as well as scalar lead electrocardiograms, vectorcardiograms and departure maps.
In developing the departure map technique, we recorded surface potentials from 142 sites from a normal population of men using the same technique described above. The normal group was accepted from informed volunteers among the medical school and hospital personnel between the ages of 23 and 30. A complete cardiovascular history and physical examination was performed with particular attention to include only those with no remarkable familial history of hypertension or myocardial infarction before the age of 65, and the exclusion of patients with a personal history of hypertension, smoking in excess of one-half pack daily, hyperlipoproteinemia, or obesity as determined by optimum weight for height using Metropolitan Life Insurance data. An electrocardiogram, vectorcardiogram including scalar X, Y, Z leads, and posteroanterior and lateral X-rays of the chest had to be clearly within normal limits for inclusion. The mean voltage plus or minus two standard deviations (± 2 SD) was determined at each site at 5 msec intervals. A departure map was produced by subtracting from the individual patient's map the normal range established from the normal population ( fig. 3 ). All instants in which the patient's pattern did not fall outside the normal range result in an absolutely flat departure map. Instants in which the patient's surface expression exceeded two standard deviations created a sequence of departure maps which were analyzed.
Results
The thoracic distribution of departure from normal range of the body surface potential maps of the patients are summarized in figure proceeding anteriorly and to the right, followed quickly by zones of leftward positivity as the anterior and lateral free walls are activated. Figure 7 is a normal sequence of ventric-MCI" "l 20 NC" "l is FIGURE 6. This is a departure map recorded from the same patient whose electrocardiogram was illustrated in figure 5 , demonstrating that the only time the patient's surface voltage pattern departed from the limits ofnormal was in the Q time zone. Beyond 25 msec the departure map is flat indicating that the patient's voltage expression was within normal limits.
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He "S 85 FIGURE 7. This represents a normal sequence of body surface potential maps for reference. Between S and 15 msec, left to right septal activation takes place, with beginning right ventricular free wall spread. Between 15 and 30 msec an anterior sink, or zone of negativity, appears as the epicardial surface of the right ventricle is reached by the activation front followed by anterior and lateral spread from apex to base. The basal rims are activated relatively late in the sequence. The zone of negativity, or sink, grows in its perimeter as activation is completed as the epicardial surfaces are reached by the wave front. ular activation introduced for comparison and orientation purposes, demonstrating the early anterior, slightly rightward expression of left to right septal spread and right free wall activation occurring from 5-15 msec. As the wave of activation breaks through to the epicardial surface of the right and left ventricles, at 15-20 msec a negative dip is anticipated in the region of the apex with further spread to the free walls. The lateral and then posterior and basal rims are approached toward the mid portion and termination of ventricular activation, with gradual recession back to a flat baseline. Thus, in the patient illustrated, and the group of four he represents, no information outside the Q time zone was demonstrated by the departure map technique, and the remainder of the series of departure maps were perfectly flat indicating the patient's voltage pattern fell within two standard deviations of the normal mean.
The next series, however, is an example of the sort of additional information that was found in ten of the 16 patients with pure anterior infarction. In addition to negativity as FIGURE 8 . Standard electrocardiogram from a patient with an acute anteroseptal myocardial infarction occurring three weeks earlier. Note the diagnostic Q waves extending from V, through V4. described above during the Q time zone, each of these ten patients demonstrated either positive or negative departures outside two standard deviations of normal during the mid and late portion of ventricular activation. In figure 8 is an electrocardiogram demonstrating Q waves exceeding 30 msec in V,-V4 indicating the presence of an anteroseptal infarction. The body surface map shown in figure 9 shows the negative sink of infarction at the time activation of the septal and anterior free wall would have normally occurred with some later lateral spread of activation continuing through 80 msec. The departure maps, illustrated in figure 10 , not only confirm the fact that the early negativity exceeds that expected of a normal population, but demonstrate further that beginning at about 65 msec and extending past 80 msec, is a prominent rim of positivity, exceeding the range of expectation. Two patients, although demonstrating diagnostic Q waves during the first few days of hospitalization, had lost this finding on the electrocardiogram by the date of body surface mapping. Such an example may be seen in figure I 1, which demonstrates that the patient had regained electrocardiographic (ECG) and vectorcardiographic (VCG) evidence of some anterior activation. The VCG loop remains anterior to I F Hs 19 I FO hS 14 -. . w._ FIGURE 9. The body surface map from the patient whose electrocardiogram is illustrated in figure 8 demonstrates deep extensive negative sinks occurring well beyond the mid portion of the sequence of ventricular activation followed by late lateral positivity. The negativity of the Q time zone would correspond to the diagnostic Q waves of the electrocardiogram. The later positivity is best appreciated in the departure map seen in figure 10 . the isoelectric point for at least 32 msec and exceeds 0.1 mv. 8 The flat departure map ( fig. 12 ) during the early portion of ventricular activation confirmed the fact that the patient's findings did not depart from the normal range until 30 msec. However, the map demonstrates findings well outside two standard deviations between 30 and 60 msec during the mid and late portion of ventricular activation. Late positivity was manifested high in the region of the anterior axillary line which grew in intensity and breadth to 60 msec ( fig. 12 ), making a striking contrast with the doubtfully diagnostic ECG and VCG.
In figure 4 , we have catalogued the departures in all the patients, including ten in the group with remote inferior infarction. In the latter group, three had Q time zone negativity as the only departure map suggestion of infarction. In addition to Q time zone negativity, seven manifested both positive and negative departure in the mid and late portion of ventricular activation.
No normal patient judged against the normal data base had any departure at any instant; every infarction patient demonstrated departures at one or more points in time. LFO 
Discussion
A number of limitedly successful efforts have been made to demonstrate, collate, and correlate the mass of information available with multiple lead body surface potential mapping. That the maps themselves contain far more information from the standpoint of sheer content than do routine electrocardiograms or vectorcardiograms has been demonstrated and generally agreed upon by investigators in the field.5"'5 Not only has the additional information been in the form of simply more signal content, it also has offered a number of electrophysiological insights. Such insights have included the graphic demonstration that the dipole concept alone cannot possibly completely explain the surface pattern during much of the QRS complex because that surface pattern even in the normal often demonstrates simultaneously more than one positive or negative voltage peak or valley. The body surface map is a display form that one can relate in qualitative and in semiquantitative form to the sequence of ventricular activation. It has allowed us to appreciate in electrical form the difference in the surface reflections of volume versus pressure overload during ventricular activation.'5 Admittedly, however, in spite of the fact that some immediately clinically relevant studies have been performed, it has been a difficult task to assemble the information and to process it with physiological and anatomical meaning. We believe that the departure map technique shows promise in allowing one to compare the individual patient with 95% of the normal population, that is, the normal mean ±2 SD, at each instant in time throughout the entire cardiac cycle as viewed from multiple points, in our particular case 142. This will allow ready visualization of abnormalities other than those occurring during the Q time zone. Neither is it restricted to both the beginning and the end of the cardiac cycle, as is readily manifested by late conduction abnormalities. By this technique an alteration in the expected temporal sequence even in the mid time zones that departs from the normal mean ±2 SD, becomes readily apparent.
We are far from being able to explain the responsible mechanism, but certain likely possibilities occurred to us. Supported by the data from correlating the dog difference maps with the morphologically documented infarcted mass, FIGURE 12. The flat map at 20 msec and the absence of negative sinks during the Q time zone confirm the absence ofdiagnostically abnormal negativity suggested in figure 11 , at the time ofseptal and anterior free wall activation. It demonstrates, however, positive departures from normal beginning in the mid-portion of ventricular activation, growing in intensity and extending beyond 60 msec. These very late positive potentials outside the normal range are thought to represent an alteration of the expected sequence of ventricular activation, i.e., early shielding block followed by late ignition manifested as a departure from normal range. ALL Ms 66 912 CIRCULATION I F ( .5mv/cm-I > V4 V we suggest that during the early part of ventricular activation the departure maps in the main are the result of the lost potentials from the infarcted zone. Later in the ventricular activation sequence, departures from the normal range are more likely expressions of relatively late excitation of regions of myocardium which had previously been shielded at the expected time of ignition by the injured zone itself. In certain other instances, the departure from normal may be the result of unmasking of other zones of activity which may be firing at their appropriately normal time, but which were previously cancelled by the simultaneous firing of what is now the infarcted region. Finally, some of the abnormalities that occur in cardiac cycles that have been slightly prolonged from their original baseline, although not technically falling outside normal limits, and that occur primarily at the terminal ends of the departure maps may represent alterations of either velocity or pathway to such an extent as to cause delayed firing.
Whatever the ultimate explanation proves to be, these findings clearly appear to be valid. They are not present when test individuals evaluated and considered to be normal are compared with the normal data base. They are uniformly present when individuals with documented myocardial infarction are judged against the normal population. The mid and late activation abnormalities are not detectable by conventional electrocardiographic or vectorcardiographic criteria, yet do present strikingly apparent findings by this technique of analysis and display.
